Reversible macroscopic length changes in nanoporous structures can be achieved by applying electric potentials or by exposing them to different gases or liquids. Thus, these materials are interesting candidates for applications as sensors or actuators. Macroscopic length changes originate from microscopic changes of crystal lattice parameters. In this report, we show spatially resolved measurements of crystal lattice strain in dealloyed nanoporous gold. The results confirm theory by indicating a compression of the lattice along the axis of cylindrically shaped ligaments and an expansion in radial direction. Furthermore, we show that curved npAu surfaces show inward relaxation of the surface layer.
Introduction
Dealloyed nanoporous gold (npAu) has attracted interest because of its high catalytic activity [1] [2] [3] [4] [5] [6] [7] , its high mechanical strength [8, 9] and applications as actuator [10] [11] [12] [13] [14] , sensor [14] [15] [16] [17] [18] [19] [20] [21] or in fuel cells [22] . NpAu is prepared by corrosion of a suitable gold master alloy in an acid. During this dealloying process the less noble metal (e.g. silver) is dissolved revealing a gold-rich porous structure built up of interconnected ligaments and pores [23] [24] [25] . The large surface of npAu, which can reach values as large as 8-15 m 2 /g [12, 26, 27] , affects the strain state of the material to a large extent. The underlying driving force is the surface stress that tends to reduce the interatomic spacing in the plane of the surface [28] . Strain of the atomic surface can have significant influence on the binding of molecules to the surface and hence on the catalytic activity. This has been demonstrated by theory [29] and experiment [30, 31] .
Measurements of average crystal lattice parameters in npAu by X-ray diffraction can be found in the literature [32] [33] [34] . Two publications [32, 33] suggest two separate lattice parameters during dealloying of the master alloy-the Bragg reflections can be deconvolved into a sharp peak corresponding to a compression of the crystal lattice and a smaller, broad peak corresponding to an expansion. Whereas Schofield et al. explain these two peaks by strain that arises from different convex and concave ligament surfaces [32] , Dotzler et al. claim that the two regimes can be assigned to strain in two different directions, one along the axis of a ligament and the other one in radial direction [33] . This explanation indeed agrees with findings in a study combining continuum theory and atomistic simulation [28] . As compared to bulk gold, cylindrical Au nanoligaments exhibit compression along their axis while they are expanded in radial direction. The combined experimental and virtual diffraction study in [34] does not confirm the bimodal Bragg reflection profile of Schofield et al. [32] and Dotzler et al. [33] . By contrast, it finds heterogeneous deformation in the form of large microstrain values [34] , and the variation in lattice parameter with ligament size is found consistent with the established magnitude of the surface stress of clean gold surfaces. Recently, a publication resolving strain spatially showed that those parts of the alloy which are corroded first show compressive strain [35] .
Atomically resolved measurements of strain by evaluation of high-resolution scanning transmission electron microscopy (STEM) images reveal an outward relaxation of the topmost atomic layer on (111) surface terraces [36] . This is in agreement with density functional theory (DFT) predicting a small outward relaxation of the first layer on a (111) surface, whereas (110) and (001) surfaces show inward relaxation [37] . Measurements of strain in gold nanoparticles provided in the literature are ambiguous. Yankovich et al. report general inward relaxation of the surface layers [38] , whereas Goris et al. measure outward relaxation [39] .
In this report, we show spatially resolved measurements of strain in nanoporous gold. They are based on nano-beam electron diffraction (NBED) in the scanning mode of a transmission electron microscope (TEM). We reveal a compression of the crystal lattice along the axis of cylindrical ligaments and an expansion in radial direction, confirming predictions made by continuum mechanics theory and energy minimizing structure relaxations [28] . Furthermore, we show that the curved surfaces show inward relaxation of their topmost layers.
Methods

Nanoporous gold preparation
Three different samples are investigated in this letter. Sample A was produced from 10 µm thick Au 25 Ag 75 (subscripts: at.%) sheets (Mateck, Germany) that were punched to discs with a diameter of 3 mm. These discs were thinned by Ar-ion polishing under 2 • incident angle using a Leica RES102 ion beam milling system until 5% of the sample area in top view were optically transparent. The dealloying was performed as in [40] with the etched disc as working electrode, a polished Ag wire as a counter electrode and a Ag/AgCl reference electrode in 1 M HClO 4 electrolyte using a Metrohm Autolab PGSTAT302 potentiostat. In order to avoid excessive coarsening as well as cracking [41] , the dealloying potential was increased stepwise as follows: 144 min at 1050 mV, 48 min at 1100 mV, 48 min at 1150 mV and 60 min at 1200 mV. Subsequently, the obtained porous sample was repeatedly cleaned in water and ethanol. The sample immersed in ethanol was then clamped into an uncoated, foldable TEM sample holder (mesh: 50 × 50 µm, Polaron Equipment, UK), dried and stored under Ar until transfer into the TEM.
Samples B and C have been prepared by corrosion of disc shaped samples with a diameter of 5 mm and master alloy concentrations of 25 and 30 at.% of Au, respectively. For potentiostatic corrosion of sample B, a three-electrode setup (Potentiostat BioLogic SP200) was used. A gold wire formed as a basket and holding the alloy was used as working electrode, counter electrode and quasi-reference electrode were made of platinum. The etching process occurred at 60 mV with dipped electrodes in 5 M nitric acid (HNO 3 , Sigma-Aldrich, > 65 weight%) at room temperature (see also ref. [6] ). Sample C has been submersed in concentrated nitric acid (HNO 3 , Sigma-Aldrich, > 65 weight %) at room temperature for 24 h for free corrosion, followed by careful removal and replacement of the acid by deionized water for at least three times. Afterwards the sample was dried in air for at least 24 h.
Sample preparation for TEM
For investigations of samples B and C in the TEM thin, electron transparent slices have been prepared using a standard focussed ion beam (FIB) lift-out technique [42] using an FEI Nova 200 FIB with an acceleration voltage of 30 kV and a beam current of 50 pA for the final milling step.
TEM measurement
TEM measurements have been performed on an FEI Titan 80/300 TEM/STEM microscope equipped with an aberration corrector for the imaging system, operated at 300 kV. NBED diffraction patterns have been acquired either with a Gatan Ultra-Scan 1000 CCD camera or with a delay-line detector [43] . This fast detector is one among few others [44, 45] that allow for the acquisition of a large number of diffraction patterns with frame times in the millisecond range resulting in the so-called 4D-STEM data sets. Here we chose a frame time of 50 ms to improve statistics. STEM images with a frame time of 30 s have been acquired using a Fischione Model 3000 high-angle annular dark field (HAADF) detector.
Data evaluation
For the measurement of crystal lattice strain in a large field of view, we apply a well-established method, that is based on electron diffraction [46] [47] [48] [49] . In the scanning mode of a TEM, the beam is scanned across the sample and a corresponding diffraction pattern is acquired at each position. According to Bragg's law [50] , distances between the diffraction spots depend on the local lattice parameter. Hence, lattice strain can be measured by comparison of distances between diffraction spots in each diffraction pattern with the distances between the same diffraction spots in patterns acquired in a reference region of the sample. Comparing distances between diffraction spots in two linearly independent directions gives information about shear strain and crystal lattice rotation [51, 52] . Thus, each data point in an evaluation corresponds to one diffraction pattern acquired while the beam is scanned across the sample. For measurements on a small length scale with atomic resolution, we evaluate lattice plane distances in high-resolution STEM images [53] . Data evaluation has been carried out using the ImageEval software [54] .
Results and discussion
In the following sections, the measurements of strain are presented. To clarify the nomenclature, in this report, we use the terms compressive (ε < 0) and tensile strain (ε > 0) to refer to smaller and larger lattice parameters measured with respect to the reference region, respectively. The term surface relaxation is used for out-of plane surface relaxations, parallel to the surface normal of the gold ligaments. It concerns the change of crystal lattice parameters from a thick region of a ligament toward the border to a pore (the vacuum). In npAu there is no unstrained reference region that represents the lattice parameter of bulk Au. Simplifying the porous structure as a skeleton of cylindrical wires which are connected at nodes such as in [13, 28] , we choose reference regions within the nodes. Note that zero strain in these reference regions does not mean zero strain compared to the bulk lattice parameter of Au. More precisely, we measure local variations of lattice parameters with respect to the lattice parameter in a nearby node. 
Lattice strain of approximately cylindrical ligaments
toward the cylindrical part of the sample are clearly visible. An increased lattice parameter in radial direction of the ligament (Figure 1(a) , direction indicated by green arrow) and compressive strain along the cylindrical axis of the ligament (Figure 1(b) ) can be seen. Furthermore, Figure 1(c) shows a change in shear strain in the center of the ligament and Figure 1(d) shows that the upper part of the ligament is rotated by some degrees with respect to the lower part. The measured strain can be interpreted as an average over the strains along the path of the electron beam through the sample as shown in the supplemental information.
Another quantity that represents strain of the crystal lattice is the tetragonal distortion. It gives the ratio between the lattice parameters in two linearly independent directions. For an unstrained cubic crystal lattice, the value for the tetragonal distortion is one. In tetragonal distorted crystal lattices, the value differs from one. An advantage of this strain representation compared to the one shown in Figure 1 is the fact that no reference region has to be defined.
Differences in the corrosion process have an influence on Ag removal rates, thereby on ligament geometries and on the average strain state of the porous sample as already shown recently [34] . For this reason, to confirm the result of axial lattice compression and radial expansion for various ligament geometries in this letter, we investigate samples that have been corroded using various methods (see Section 2). Figure 2 shows the tetragonal distortion of three ligaments. The distortion has been determined by dividing the lattice parameter along the ligament axis by the lattice parameter in radial direction. From a comparison of the measured values in the cylindrical parts of the samples with values in the nodes, it can be concluded that the crystal lattice in the ligaments is compressed along the axis, whereas it is expanded in radial direction. This result is independent on the preparation process and it confirms the predictions made in [28] . The effect seems to be more pronounced the smaller the radius of the ligament is, but for a more comprehensive comparison of the tetragonal distortion of ligaments of the same sample with various lengths, various length-radius ratios and various curvatures of the ligament surfaces further measurements have to be performed, which is subject to further studies.
The numerical value for the tetragonal distortion can be affected by distortions of the diffraction patterns caused by lens aberrations of the electron microscope. In most cases these distortions cause a circle to appear as an ellipse [55] and hence distances between diffraction spots may appear enlarged in one direction or shortened in another direction. But as these instrumental distortions are constant during the complete scan of a ligament, each diffraction pattern is distorted in the same manner. Hence, relative changes in the tetragonal distortion are unaffected by lens aberrations.
Lattice relaxation at the surface
The diffraction-based method used in the preceding section does not allow for measuring strain with atomic resolution [48] . A further consideration of this aspect can be found in the supplemental information. Hence, with this method it cannot be determined whether the topmost surface layers at the border to the vacuum show an inward or outward out-of plane relaxation. To answer this important question, we evaluate high-resolution STEM images. As scan distortions of the microscope can distort the images along the slow scan direction, two images have been acquired at the same sample position with a change of the scan rotation by 90 • in between. Strain has been evaluated only in the fast scan direction of each image. The result can be seen in Figure 3 for a measurement on sample A. Relaxation is measured with respect to yellow marked reference regions. These regions have been chosen, because they are located in the center of the ligament in order to characterize eventually present strain gradients from this region to the ligament surface. The evaluation shows a similar trend for both crystallographic directions: approaching the border to the vacuum, we observe smaller out-of plane lattice parameters indicating inward relaxation of the surface. We confirmed this result by an evaluation of many further high-resolution STEM images of different gold ligaments. For convexly curved surfaces, we find that the trend of a decreasing lattice parameter is more pronounced than for concavely curved ligament surfaces. No general trend has been found for the in-plane lattice parameter.
The fact, that we find in our measurements inward relaxation not only in the topmost surface layer can be attributed to the 3D geometry of the sample and is a projection artefact (Figure 4(b) ). As the sample thickness increases from the vacuum toward the thicker region in the 2D projection, the effect of the surface is underestimated. The inward relaxation of the seemingly subsurface layers is explained by the fact, that parts of these layers lie also directly at the border to the vacuum representing the inward relaxed surface. As the measured strain represents an average over the strains along the path of the electron beam through the sample (see supplementary information) the measured strain gradient approaching the surface shows that a larger percentage of atoms in each atomic column is a surface atom with inwards relaxed lattice parameter. This is illustrated schematically in Figure 4 (b).
Our measurements confirm results obtained from DFT [37] . These predict inward relaxations of the topmost surface layer for all surfaces except for the planar (111) surface. For this surface, the predicted outward relaxation is small compared to the inward relaxation of the others. Figure 4 illustrates the two main results of this study: firstly, lattice parameters are compressed along the axis of cylindrically shaped ligaments and expanded in radial direction. Secondly, the surface layers show inward relaxation. A critical aspect for strain measurements in npAu is that the strain state of the structure is not static but subject to change, for example, due to changing environments. The strain state during dealloying can be significantly different from the strain state after removal from the dealloying acid and subsequently drying [33] . Furthermore, adsorbed molecules clearly change the strain state of the structure [15, 16, 18, 20, 21] . Besides the relaxation of the clean sample the contamination of the surface by various molecules might lead to a different strain state. Contaminations could occur during transfer to the TEM or even in the TEM [56, 57] . Zugic et al. showed by in situ treatment of the samples in the TEM that adsorbed oxide layers can be removed [58] by exposing the sample to a stream of carbon monoxide. Further investigation of the samples for example by in situ strain measurements during exposure to different gases such as in [16, 58] would clearly be helpful to understand the influence of adsorbed atoms on crystal lattice strain. Otherwise, the measured values could represent the strain state of a npAu sample covered with amorphous layers of contamination (not necessary oxides) and not the strain state of clean npAu. A more detailed discussion of the contamination of the samples investigated in this letter can be found in the supplemental information.
Discussion
The two different methods we applied in this letter for the measurement of strain complement each other. Assets and drawbacks of each have been investigated in the literature [47, 48] . Both reveal the average strain in electron beam direction (see supplemental information). For a quantitative measurement of strain in three dimensions more advanced methods are required [39] . Yet, the large sample volume and the complexity of the structure turn this an extremely challenging task. Nevertheless, our measurements confirm the predictions of Weissmüller et al. [28] that have already been used for the interpretation of measurements of spatially averaged lattice parameters [33] . From this point of view, strain measured in this report gives important insights in the atomic strain state of nanoporous gold. Measurements of strain in more complex ligament geometries will be performed in the near future.
Conclusion
Spatially resolved measurements of local crystal lattice strain variations in nanoporous gold have been shown revealing a compression of the crystal lattice along the axis of approximately cylindrical ligaments and an expansion of the crystal lattice in radial direction. For curved npAu surfaces, we found inward surface relaxation. Our results confirm theoretical predictions made in literature. In situ strain measurements during exposure to gases would help to investigate the influence of adsorbates on the strain state of clean npAu.
